Abstract: Predicting snow cover dynamics and relevant streamflow due to snowmelt is a challenging issue in mountainous basins. Spatio-temporal variations of snow extent can be analyzed using probabilistic snow cover maps derived from satellite images within a relatively long period. In this study, Probabilistic Snow Depletion Curves (P-SDCs) and Probabilistic Snow Lines (P-SLs) are acquired from Moderate Resolution Imaging Spectroradiometer (MODIS) cloud-filtered daily snow cover images. Analyses of P-SDCs show a strong correlation with average daily runoff (R 2 = 0.90) and temperature (R 2 = 0.96). On the other hand, the challenge lies in developing noteworthy methods to use P-SDCs in streamflow estimations. Therefore, the main objective is to explore the feasibility of producing probabilistic runoff forecasts with P-SDC forcing in a snow dominated basin.
INTRODUCTION
Snow is an essential component in hydrological cycle particularly for mountainous regions and accumulated snow plays a crucial role during melting season in terms of water supply, hydropower generation, flood control, irrigation and avalanche research. However, estimation of potential snowpack and its contribution to streamflow is challenging due to complex physics of snowmelt and harsh topographic conditions in these regions. Snow cover is an important indicator of the climatic character of winter and spring (Krajci et al., 2016) . Thus, assessment of snow cover dynamics at catchment scale helps to better understand the changes in flood regimes and improve snowmelt runoff forecasting. Due to the limitation in sparse observation network particularly for the mountainous regions, spatial patterns and seasonal depletion of snow cover is more easily monitored by multi spectral remote sensing.
Among the variety of satellites, MODIS (Moderate Resolution Imaging Spectroradiometer), with visible/near-infrared satellite sensors on Terra and Aqua platforms, provides processed Snow Cover Area (SCA) products since early 2000s. Numerous global and regional studies have been conducted on validation of MODIS snow data to identify snow mapping accuracy (Arsenault et al., 2014; Crawford, 2015; Hall and Riggs, 2007; Huang et al., 2011; Maurer et al., 2003; Parajka and Blöschl, 2008; Raleigh et al., 2013; Riggs et al., 2006; Tekeli et al., 2005; . MODIS data have been successfully applied in snowmelt modeling (Day, 2013; Duethmann et al., 2014; Finger et al., 2015; Franz and Karsten, 2013; He et al., 2014; Li and Williams, 2008; Parajka and Blöschl, 2008; Şensoy and Uysal, 2012; Şorman et al., 2009) or in hydro-climatological and topographic research of snow cover variations (Cornwell et al., 2016; Forsythe et al., 2012; Gascoin et. al., 2015; Singh et al., 2003; Tang et.al., 2013; Tong et al., 2009; Wang and Xie, 2009 ). Moreover, various researchers attempted to apply different algorithms to decrease cloud coverage of MODIS products (Da Ronco and De Michele, 2014; Gafurov and Bárdossy, 2009; Gao et al., 2010; Krajčí et al., 2014; Parajka and Blöschl, 2008; Parajka et al., 2010; Sorman and Yamankurt, 2011) .
Probability analysis of satellite snow cover data with relatively long and continuous records would be beneficial for analysis of snow climatology and operational snowmelt runoff forecasting. However there are limited studies associated with it in literature. Brander et al. (2000) derived snow cover duration maps using a limited number of Landsat-TM imagery. Richer (2009) derived snow probability maps for a basin in Colorado, using 8-day snow cover products of MODIS for the melting periods of [2000] [2001] [2002] [2003] [2004] [2005] [2006] and investigated spatial and temporal snow distribution trends. Şensoy and Uysal (2012) presented the probability approach in snow depletion forecasting with a limited number of MODIS snow cover data. López-Burgos et al. (2013) used the locally-weighted logistic regression (LWLR) method to estimate probabilistic snow occurrences for developing the cloud removal technique. Gafurov et al. (2015) presented a methodology mainly based on correlations between station records and spatial snow-cover patterns, for reconstructing past snow cover using historical in situ snow-depth data, remote sensing snow-cover data and topographic data. Recently, Tekeli et al. (2016) calculated snow probability maps using Interactive Multi Sensor Snow and Ice Mapping System (IMS) snow products over Turkey. The work was accomplished with lower spatial resolution images, and only the validation methodology was discussed with ground measurements. On the overall, the elaborated studies are either limited on the number/time resolution of snow cover data or their implementation within any hydrological modeling context are poorly addressed in terms of probabilistic studies.
Improved techniques in hydrological modeling studies may reveal the quantification of knowledge on long-term probabilistic snow cover extent and create an added value for water resources management. SCA can be examined both temporally and spatially with daily snow depletion curves (SDCs) which designate the snow coverage on each day of the melt season. One of the well-known conceptual models is Snowmelt Runoff Model (SRM) which enables to use SDCs as the main variable of snowmelt modeling for mountainous basins applied to several catchments around the world (Gómez-Landesa and Rango, 2002; Jain et al., 2010a; Jain et al., 2010b; Lee et al., 2005; Martinec, 1975; Panday et al., 2014; Şensoy and Uysal, 2012; Sensoy et al., 2014a; Sensoy et al., 2014b; Tahir et al., 2011; Tekeli et al., 2005) . On the other hand, estimation of SCA is still a challenging issue in operational runoff forecasting.
Snow plays an important role in the hydrological regime, operational applications and climatic processes for the headwaters of transboundary Euphrates River as in many other mountainous regions. The Upper Euphrates River Basin is a highly snow-dominated area where snowmelt constitutes approximately 2/3 of total annual volume during spring and early summer months. Therefore, one of the headwater basins of the Euphrates River is selected as a pilot basin in this study with 10275 km 2 area. Concerning the harsh environmental conditions, the extent of the area and relatively scarce observation network, satellite remote sensing provides the most suitable method of monitoring snow variations over the region with a diversity of temporal and spatial scales. Even though particularly important, it is still a less-studied region of the world to extract and assess the snow cover characteristics using satellite technology.
Building upon the previous accuracy assessment and modeling studies (Şorman et al., 2007; Şorman et al., 2009; Tekeli et al., 2005 ) the work presented here provides the probabilistic appraisal of reliable snow cover monitoring by taking the advantage of long-term, continuous observations of MODIS SCA data over the mountainous headwaters of Euphrates River. The main purpose of the study is to derive daily probabilistic snow cover extent and characteristic snow depletion curves (P-SDCs) with corresponding Probabilistic Snow Line (P-SL) using a relatively long period of (12 years) daily cloud-filtered MODIS snow cover data for the area of interest, and also to investigate the possible relations with P-SDC and hydro-meteorological variables. Moreover, the main contribution herein is to present a noteworthy methodology to produce Probabilistic Ensemble Streamflow Forecasts (P-ESF) with P-SDC forcing into a hydrological model for a snow dominated data scarce headwater region of the Euphrates River Basin.
STUDY AREA AND DATA Study area
Eastern Anatolia in Turkey has harsh weather and rough topographical conditions with high snow potential. Foremost precipitation falls as snow and is retained on the ground surface almost half of the year. Snowmelt starts during spring in conjunction to the rise of temperatures which makes considerable increment in streamflows. Transboundary Euphrates River, the longest in southwest Asia, is formed by the union of two major tributaries: Karasu and Murat rising in the highlands of eastern Turkey. Euphrates Basin is the largest in Turkey in terms of drainage area with 127,304 km 2 contributing 17% of the total water potential where most important dam reservoirs (Keban, Karakaya, Atatürk) are located within its boundary. Hence, forecasting the amount and timing of runoff at the headwaters of Euphrates River has great importance for the operation of these reservoirs.
Several studies on satellite snow product validation (Akyurek et al., 2010; Şorman et al., 2007; Sorman and Yamankurt, 2011; Sorman and Beser, 2013) as well as streamflow modeling and forecasting applications Şorman et al., 2009; Şensoy and Uysal, 2012; Tekeli et al., 2005) The location and elevation distribution of Karasu Basin, controlled by stream gaging station E21A019 at Kemah, along with the observation network are provided in Figure 1 . A summary of basin topographic properties are given in Table 1 . Satellite snow cover data MODIS satellite images are extensively used for determining areal snow coverage especially in hydrologic modeling. MOD10A1 for Terra and MYD10A1 for Aqua version 5 daily 500-m products are being produced and distributed by the NASA Distributed Active Archive Center (DAAC) located at the National Snow and Ice Data Center (NSIDC). Four MODIS tiles (h20v04, h20v05, h21v04, h21v05) are firstly mosaicked and later subset comprising the mountainous eastern part of Turkey using MODIS Reprojection Tools (MRT) program (https://lpdaac.usgs.gov/tools/modis_reprojection_tool) ( Figure 2 ). The tiled images are then reprojected to World Geodetic Sys- The MODIS snow-mapping algorithm is fully automated and is based on the Normalized Difference Snow Index (NDSI) with a set of thresholds (Hall et al., 2002) . Based on NDSI and threshold values, snow cover pixels are separated from nonsnowy areas using Eq. (1). Optical satellites are hindered by cloud cover and hence a filtering methodology (combination, temporal, spatial, elevation) (Sorman and Yamankurt, 2011 ) is applied on a pixel-by-pixel basis to totally eliminate cloud cover and determine binary snow/no snow areas especially during the period of snow melt. 
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Hydro-meteorological and snow data
There are totally 18 climatologic and automated weather operating stations (AWOS) ranging in altitude between 981 and 2937 m (Figure 1 ). Detrended Kriging (DK) method (Garen et al., 1994; Garen and Marks, 2005 ) is used to distribute daily average temperature (T) and daily total precipitation (P) in each elevation zone (Table 1) for hydrological modeling.
General trends of total annual precipitation (P in cm), average annual temperature (T in o C), average annual runoff (Q in m 3 /s), snow season (Jan-Jun) average snow cover (SCA in %) of Karasu Basin and maximum Snow Depth (SD in cm) at Guzelyayla SNOTEL (2065-m) are given in Figure 3 to provide an insight for hydro-meteorological and snow conditions observed in the last 15 years -2015 . SD values are measured at several automatic snow telemetry (SNOTEL) stations and manual snow courses are conducted twice a month during the winter season. Guzelyayla station, located at 2065-m altitude which is close to the hypsometric mean of the basin, has relatively long continuous records of SD values.
According to data analysis between 2001-2015 years for Karasu Basin, total annual precipitation is 601 mm yr -1 and average temperature is 4.6°C. A relatively low-flow period is observed for 2012-2014 water years. Having the sample mean and standard deviation to be much smaller than the population values, extreme events may cause outliers in data analysis and modeling. Therefore, the Modified Thompson Tau technique is used for verification of streamflow outliers. According to outlier test results for the mean streamflow, 2014 water year is found out as a low-flow outlier. 2004 is another extreme year with relatively high SD and P that resulted in flooding for some parts of the basin.
METHODOLOGY
In the most general form, the flow chart of the study is presented in Figure 4 . The methodology is presented with four subtitles as; (1) derivation of Snow Probability Maps and classification of Probabilistic Snow Occurrence, (2) extraction of corresponding Probabilistic Snow Depletion Curves (P-SDCs) and Probabilistic Snow Line (P-SL), (3) analysis of P-SDCs and P-SL, (4) Probabilistic Ensemble Streamflow Forecasts (P-ESF) with SRM using P-SDC.
Probability of Snow Occurrence (PSO)
Spatial patterns of snow occurrence can be derived to explore spatial extent of snow cover in the watershed. "Probability of Snow Occurrence" (PSO) can be defined for each day and pixel as the fraction of MODIS images that are snow covered during the analysis period. The cloud coverage is eliminated from the satellite images with certain filters (Sorman and Yamankurt, 2011) in this study. Therefore, probability of snow distribution is calculated using daily SCA images, for which pixels are classified as snow or no snow, and probability maps are derived accordingly.
The probabilities are classified into six equal classes (Table 2). Zero probability (P = 0) means that there is no snow observation throughout the studied period, and P = 1 shows snow coverage within all these years. Accordingly, Snow Depletion Curves (SDCs) are derived indicating snow coverage on each day of the melt season and are frequently required for snowmelt runoff management. 
Extraction of Probabilistic Snow Line Elevation (P-SL)
Snow Line (SL) estimates the boundary separating snow covered areas from snow-free areas. The time series of snowline provides an important indicator of snow response to climatic change and allow the prediction of future snow behavior (Tang et al., 2014) . Temporal variability of SL elevation is calculated using (probabilistic) snow cover maps. Firstly, a threshold probability is defined and all pixels above this threshold are classified as snow, then probability maps are converted into binary snow cover maps. Afterwards, they are superposed with DEM of the basin and average pixel elevations corresponding to the boundary line are calculated for each day of the year.
Snowmelt Runoff Model (SRM)
Snowmelt Runoff Model (SRM) (Martinec, 1975; Martinec et al., 2008 ) is a conceptual model based on a degree-day method to estimate river runoff resulting from snowmelt and rainfall for mountainous basins with the aid of snow cover data. SRM requires daily average air temperature, total precipitation and average snow covered area values as input variables. Based on these input values, SRM computes daily streamflow by Eq. (2):
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where Q is average daily discharge (m 3 s -1 ); c is runoff coefficient expressing the losses as a ratio (runoff/precipitation) with c S referring to snowmelt and c R to rain; a is degree-day factor (cm °C -1 d -1 ); T is number of degree-days (°C d); ΔT is the adjustment by temperature lapse rate; S is ratio of the snow covered area to the total area; P is precipitation contributing to runoff (cm); T CRIT , determines whether this contribution is rainfall (°C); A is the area of the basin or zone (km 2 ), k is recession coefficient. According to Eq. (2), the daily average discharge on day n+1 is computed by summation of snowmelt and precipitation that contributes to runoff with the discharge on the proceeding day. Eq. (2) is applied to each zone or elevation band (approximately 500 m) of the basin when the model is used in a semi-distributed manner and then the discharges are summed up.
In this study, SRM is re-developed within Delft-FEWS (Flood Early Warning System) (oss.deltares.nl/web/delft-fews) platform (Sensoy et al., 2014a (Sensoy et al., , 2014b Uysal et al., 2015) and an external automatic optimization methodology is used to estimate the runoff coefficients. After modification and validation of the parameter sets, the basic idea is to use the classified P-SDCs in SRM. Since P-SDCs are generated for selected probability intervals, the cumulative probability alternatives are used in runoff estimation and all the results are presented as an ensemble of streamflows.
For the accuracy assessment, the model is tested with 4 goodness of fit criteria defined as the coefficient of determination (R 2 ), Nash-Sutcliffe Efficiency (NSE), Root Mean Square Error (RMSE), Mean Absolute Error (MAE) denoted as: 
RESULTS and DISCUSSION Probability maps and Probabilistic Snow Depletion Curves (P-SDCs)
PSO areas are calculated on a pixel-by-pixel basis at daily intervals from January 15 to June 30 using the MODIS binary SCA images during the 2001-2012 period. Figure 5 shows the 15-day areal distribution of PSO (herein also probability maps) across the selected frame during 1 March to 15 April. According to results, there is a rapid melt from 1 March to 1 April due to increase in temperatures and solar radiation. Snow remains only in the upper altitudes through 15 April. A very small portion of the basin is snow covered especially at higher regions and almost all the snow melts until June. After that time, the rest of the snow cover in upper zones is not significant.
Cumulative P-SDCs are presented with box-whisker plots for Karasu Basin in Figure 6a . The graphs are formed with an expected depletion above the selected probabilities. P = 1 is the lower band and P > 0 is the upper band, a probability range is given for snow coverage through the season. New snowfall creates a sudden increase in the depletion. The frequency of the new snowfall directly related with the selected probability classes, such that if they occur many times, then the depletion is shifted to an upper probability class. On the other hand, the less frequent new snowfall observed in the lower zones create sudden increases in the P > 0 band.
Probabilistic Snow Line (P-SL)
P-SL is also calculated for each probability class and the results are given in Figure 6b . The outcomes indicate that the lowest SL elevation and hence the largest snow coverage occurs in the basin during January and February. All P-SL are below the hypsometric mean elevation in these months and this condition lasts till mid-March. P-SL starts to increase at the beginning of March (more than 50% of the area is snow covered with a 100% probability) and the median P-SL reaches to maximum elevation of the basin in the first half of June. The P-SL has the largest variability particularly through the end of March till the beginning of April. Before and after this period the variability in 25% and 75% of SL is almost constant. The median P-SL coincides with hypsometric mean elevation of 2000 m at the beginning of April (Figure 6b ). At the end of the first week of April, 50% of the area is snow free and almost all percentiles of P-SLs are above the mean elevation of the basin afterwards.
Assessment of probabilistic snow extents Temporal analysis
Strong seasonal variations in SCA are found with a homogenous snow cover distribution throughout the probability classes. Melting rates of different P-SDCs are calculated based on the slope of the P-SDCs (from Figure 6a) . In order to simplify calculations, the slope between 90% and 10% coverage of snow is determined. Temporal variations of P-SDC (0.25-0.75) indicate that on average the melting rate is between 1.2-1.4% day -1 for the whole catchment when new snowfall events are discarded in the calculations. The highest rate of depletion (4% day -1 ) is observed at the highest elevation zone with latest but shortest melting period.
The basin-wide average seasonal snow cover percentages are calculated to detect inter-annual variation in observed daily SCA and P-SCA). Inter-annual variability of the mean snow season (January-June) and snowmelt (March-May) SCA is presented in Figure 7 For the 3 years (2013) (2014) (2015) , where SCA data are not included in the probability calculations, an assessment study is carried out to check the performances of derived P-SDCs. The validation performances are given in Table 3 with statistical scores. Observed SDCs have high consistency with P ≥ 0.50 and P ≥ 0.75 for 2013. SDC shows the highest relationship with high probability classes (P ≥ 0.75 and P = 1) which is an indication of low streamflows observed in 2014. 2015 SDC shows average characteristics on streamflow with the highest correlation in P ≥ 0.25 and 0.50 for the basin (Table 3) . Thus, the performance assessment of independent (validation) SCA data set provides convenient results in accordance with Figure 7 .
Streamflow analysis
Snow cover within mountainous areas imposes a definite influence on streamflow and there is a strong relation with SCA and streamflow. The cumulative average of observed discharge values (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) in March-May snowmelt period are normalized and their relation with cumulative P-SDC (P ≥ 0.50) is analyzed for Karasu Basin (Figure 8a ). There is a significant negative trend between SCA and streamflow, the decrease of P-SCA with time causes an exponential depletion of runoff in mountainous basins. The same analysis conducted for each year confirms this relationship. Exponential relationship implies that late decrease in SCA leads to higher changes in runoff than early decrease in SCA of the same magnitude. During melting, the snow line retreats from the lower altitude to higher altitude and consequently SCA in the basin is reduced. The retreat rate is increased in the later part of the melt season due to higher depth of snow at high altitudes. As a result, the highest coefficient of determination for exponential relationship in terms of Pearson R 2 is observed as 0.90 corresponding to P ≥ 0.50. Moreover, the cumulative normalized runoff relationships are also analyzed in relation with P-SL (P ≥ 0.50) (Figure 8b ) for 2001-2012 March-May periods and it seems that runoff increases linearly with the snow line.
The correlation analyses between SCA and the proportion of runoff during snowmelt period indicates that the increase of runoff volume ratio is closely related to the SCA changes (Marcil et al., 2016) . Therefore, one of the final analysis is the correlation between SCA (conventional and probabilistic) and runoff volume fraction. The fraction of runoff volume is also determined for the melting period, March-May. The daily fractions of runoff volume are computed as the ratio of the daily cumulative runoff volume to the total runoff volume and then they are converted to percent values. A scatter plot of SCA (SCA and percent runoff volume fraction of each year) and P-SCA (probabilistic SCA and percent runoff volume fraction of average runoff) for Karasu Basin is shown in Figure 9 , for average runoff values over a 12 year (2001-2012) period. As expected, the fraction of runoff volume increases with a decrease of the snow areal extent. The runoff volume is expected to increase as the snow cover depletes to the upper elevations in the basin. An exponential function is found to be the best fit to the data and results indicate a robust correlation between SCA and runoff with R 2 = 0.88 as presented in Figure 9 .
Temperature analysis
It is very essential to understand the relationship between P-SDC / P-SL and temperature since snow ablation processes are strongly controlled by air temperature. The average daily temperatures are calculated for the snowmelt period (MarchMay) of 2001-2012 and scattered with respect to corresponding P-SCA ( Figure 10a ) and P-SL (Figure 10b ). The high positive correlations between P-SDC / P-SL and temperature is the robust evidence of temperature effect on snow extent. The rising temperature increases snow melting, thus causes higher SL and lower SCA.
Assuming that snowmelt is linearly related with temperature, one can conclude that SCA and cumulative temperatures should have an exponential relationship. Since cumulative negative temperatures disturb the exponential relationship for the initial period of the melt season, instead of cumulative temperatures, daily average temperatures are used in the analysis with a linear relation. These relations might also help to determine possible SCA values in case of a gap in the data series (ground data) or cloudy periods (satellite data). 
Probabilistic Ensemble Streamflow Forecasts (P-ESF)
Snowmelt Runoff Model, SRM, is implemented to produce Probabilistic Ensemble Streamflow Forecasts (P-ESF) from the derived probability maps. The watershed is divided into subelevation zones (Table 1) to improve modeling accuracy. The data is split into calibration and validation stages; calibration data is used to optimize the model parameters from 2002 to 2008 water years, validation is done for the remaining four years 2009 to 2012. The Nash-Sutcliffe goodness-of-fit coefficient, NSE, is used to determine the fit between modeled and observed flows. The observed and modeled runoff values are presented for Karasu Basin in Figure 11 and the performance of the model is summarized consecutively in Table 4 . The accuracy of SRM model to mimic streamflow is high in terms of magnitude, trend and timing of the discharges considering relatively higher NSE value of 0.85 for the calibration period. NSE is sensitive to extreme values, thus, high overestimation of model simulations for 2010 reduces the model accuracy to some extent (Table 4) . The model uses three major variables of daily average Snow Cover Area (SCA), average temperature (T) and total precipitation (P) as model inputs. Using different daily SCA patterns (P-SCA) with same P and T time series in the model gives different runoff values and these are called as ensembles. Therefore, the forecasting procedure is based on the hydrological model (SRM) that allows for the calculation of probabilistic ensemble streamflow (P-ESF) values for the period of 2013-2015 with two types of forcing data: observed snow cover area data on the basis of conventional SCA by MODIS (MODIS-SDC) and probabilistic SCA data by P-SDC for a range of probabilities. The model is applied by means of the perfect meteorological forecast data set (observed precipitation and temperature variables) and without any updating technique to focus on the direct effect of SDCs on runoff dynamics. The results are depicted by hydrographs in Figure 12 and goodness of fit statistics are given in Table 5 . It is interesting to note that each year has a different snow trend and observed runoff values show correlation with one of the derived cumulative probability ranges (Figure 12 , Tables 3  and 5 ). The results indicate that; i) 2013 water year; this year can be classified as a dry year in terms of average rainfall but normal in regard to snowfall (snow depth) and discharges comparing 15-year averages of basin variables. Simulation with observed SDC gives NSE of 0.75 with an underestimation of the early runoff peak observed in 18 March. Either model parameters or rainfall representation (or both) might have caused this underestimation in the peak simulation. P ≥ 0.75 best suites to 2013 runoff hydrograph in general (NSE = 0.47), however there is a better agreement by P ≥ 0.50 for the first runoff peak, ii) 2014 water year; it is a low-flow outlier year with very low precipitation and snow depth. Even the simulation model performance with observed SDC is low in terms of NSE (with relatively high R 2 ) in this year. There would be several reasons for this, one of which might be the rather high runoff coefficients (such a low-flow condition precipitation and runoff was not used in the calibration data set) when P-ESF analysis is carried out. Least snow probability (P = 1) seems to best coincide with the observed runoff giving almost similar performance, iii) 2015 water year; model results give high model performance both using conventional observed SDC and P-SDC with NSE of 0.86 and 0.93, respectively. These results are most probably achieved due to average runoff and precipitation conditions. Simulation with P ≥ 0.50 provides quite a good match with the observed runoff values for 2015 except for the first peak where P ≥ 0.25 provides better estimates ( Figure  12 and Table 5 ). All of the results are highly coherent with the outcomes of the assessments on conventional SCA and P-SCA for the melting periods of 2013-2015, therefore, the correspondence is high with Table 3 . The results indicate that P = 1 and/or P ≥ 0.75 work better for dry years and P = 0 and/or P ≥ 0.25 can be chosen for wet years. A choice of P-SDC for a forecasting period could be determined according to the latest SCA and SWE states if available. A higher consistency can also be achieved if an additional update or assimilation procedure is implemented throughout the streamflow forecasting period.
CONCLUSIONS
Quantifying snowmelt has been a challenging aspect of hydrology with data and model uncertainties due to harsh topography and atmospheric conditions in a data scarce region. The research makes significant contributions to this field providing a valuable methodology to better understand snow cover dynamics and aid in probabilistic runoff forecasting.
Although ground-based measurements are generally accurate, stations are often sparsely located and the measurements do not adequately represent the spatial distribution of the snow extent. Remote sensing provides an ideal tool to observe status and dynamics of snow coverage whereby dedicated satellite snow data have an extensively increasing potential in water resources. An accurate information on the temporal and spatial depletion of snowpack can be efficiently implemented for operational runoff forecasting. Therefore, the study is intended as a precedent toward using satellite SCA products to assess snow cover assortment producing P-SDC and P-SL for better understanding of snow climatology and characteristics. Moreover, the value of making use of P-SDCs in hydrological modeling as well as generating probabilistic ensembles in operational runoff estimation for a mountainous catchment is presented. Forcing the hydrological model with P-SDCs shows promising results in probabilistic streamflow prediction.
Snow cover depletion curves are derived from 2001 to 2012 using MODIS satellite images that provide widely-used operational snow products with fine temporal resolution. Generalization of processed satellite snow cover images as probabilistic snow cover depletion (P-SDC) and snow line (P-SL) are the main features representing the snow cover characteristics of regions over mountainous domains. It is also shown that PSDCs are useful in generating probabilistic ensemble streamflow forecasts (P-ESF) which is carried out for 2013-2015 snowmelt periods. As a conclusion, both the correlation established between the position of the snow depletion curve (or snowmelt line) and the value and/or timing of runoff, as well as P-ESF results based on the derived P-SDCs can guide decisionmakers responsible for water resources management in the region. Since the proposed framework is a generic one, it can easily be adapted to other scarce networks or even ungaged mountainous watersheds dominated by snow accumulation and melt.
The forecasts can further be improved with the selection of suitable P-SDC through near real time SCA observations over the basin and also considering state updating of the hydrological model. On the other hand, any variation in a characteristic depletion curve over the decades could point out a climate change which would further indicate a reassessment in water resources planning.
